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Abstract 11 
Canopy hemispherical photography (HP) is widely used to estimate forest structural 12 
variables. To achieve good results with HP, a classification algorithm is needed to 13 
produce binary images to accurately estimate the gap fraction. We aimed to develop a 14 
local thresholding method for binarizing carefully acquired hemispherical photographs. 15 
The method was implemented in the R package “caiman”. Working with photographs of 16 
artificial structures and using a linear model, our method turns the cumbersome problem 17 
of finding the optimal threshold value into a simpler one, which is estimating the digital 18 
number (DN) of the sky. Using hemispherical photographs of a deciduous forest, we 19 
compared our method with several standard and state-of-the-art binarization techniques. 20 
Our method was as accurate as the best-tested binarization techniques, regardless of 21 
the exposure, as long as it was between 0 and 2 stops over the open sky auto-exposure. 22 
Moreover, our method did not require knowing the exact relative exposure. Intending to 23 
balance accuracy and practicality, we mapped the sky DN using the values extracted 24 
from gaps. However, we discussed whether a more accurate but less practical way to 25 
map sky DN could provide, along with our method, a new benchmark. 26 
 27 
Key words: Clumping index, Exposure, Gap fraction, Leaf area index, Local thresholding 28 
 29 
Introduction  30 
Sustainable forest management requires information at the landscape scale and remote 31 
sensing is key for generating it (Masek et al. 2015). The validation of remote sensing 32 
products is difficult because it requires highly efficient methods to acquire the needed 33 
data (Schleppi et al. 2011). Canopy hemispherical photography (HP) is a useful method 34 
for forest variable estimation. However, it has high uncertainty in the estimation of gap 35 
fraction (GF). HP directly measures GF with high angular resolution and indirectly 36 
measures other variables, such as leaf area index (LAI) (Jonckheere et al. 2004). 37 
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Uncertainty in HP-derived measurements is due to the lack of methods to obtain an 38 
accurate estimation of GF with high angular resolution (Jonckheere et al. 2005). The lack 39 
of methods could be solved using photographs of artificial structures with a known GF 40 
(Thimonier et al. 2010, Macfarlane et al. 2014, Song et al. 2014), but this approach has 41 
marginal usefulness for the assessment of robust image processing methods, as the one 42 
of Díaz and Lencinas (2015), because in such artificial structures the multiscattering is 43 
significantly different than in real canopies. Additionally, the effect of direct sunlight is 44 
different. On the other hand, this needed reference data could be provided by the recent 45 
groundbreaking technology of terrestrial laser scanning (Newnham et al. 2015); 46 
nevertheless, more research is needed to validate this new approach. The data obtained 47 
from radiometers (as LAI-2000 PCA, LI-COR) could be used as a benchmark, but not as 48 
a reference, because these sensors measure light, and therefore they overestimate GF 49 
because canopy elements are not optically black (Cescatti 2007). These sensors also 50 
have a low angular resolution and a high resolution is required. Therefore, the best 51 
benchmark should be carefully acquired and processed photographs. 52 
The easiest way to estimate GF with a hemispherical photograph is to process it to 53 
obtain a binary image that represents the sky with value 1 (Sky class) and the plants with 54 
value 0 (Plant class). The easiest technique to binarize a photograph is to select a color 55 
channel and apply a global threshold value to it. Using global thresholding and the blue 56 
channel is the common practice in HP, the blue channel is used because it usually 57 
produces greatest contrast between plants and sky (Jonckheere et al. 2005). The 58 
photographs must be taken with diffuse light (Lang et al. 2010). For 8-bit images, the 59 
blue channel should have all the range of digital number (DN), from 0 to 255. In this 60 
image processing context, a bimodal histogram is the best possible scenario for HP, 61 
where the histogram peaks represent the Plant and Sky classes. 62 
Camera exposure plays an important role in getting a good bimodal histogram 63 
because the scene luminance range is several times greater than the dynamic range of 64 
camera sensors (Beckschäfer et al. 2013). To control which segment of the scene 65 
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luminance range will be registered in the photograph, the camera user must vary both 66 
the exposure and the sensitivity of the digital system, where the former is the amount of 67 
light that reaches the sensor and the latter is the relative amount of light needed to 68 
produce an image with a defined quality (Allen and Triantaphillidou 2010, Nikon 2018). 69 
The exposure value (EV) that cameras automatically determine (auto-EV) is that which 70 
produces an image that, overall, is perceived as having a brightness similar to a middle 71 
grey (Allen and Triantaphillidou 2010). Hemispherical photographs taken with an auto-72 
EV determined under the canopy cannot be accurately classified (Beckschäfer et al. 73 
2013) even with high performance image processing techniques (Díaz and Lencinas 74 
2015), being open canopies an exception. In such cases, the auto-EV tends to take into 75 
account the sky luminance, producing a bimodal histogram. Several techniques have 76 
been proposed to find the optimal exposure in HP. In photography in general, the relative 77 
EV (REV) is widely used. In HP, there are several methods to calculate the REV. The 78 
main difference between these methods is whether the EV is relative to the auto-EV for 79 
the open sky or the auto-EV under the canopy. The last approach is the simplest to do 80 
(Beckschäfer et al. 2013), but the first allows the use of REV as an accurate contrast 81 
descriptor (Zhang et al. 2005). A common practice is overexposing the sky with 2 stops 82 
of REV to open sky auto-EV (Zhang et al. 2005). 83 
In a good bimodal histogram dark, grey and light pixels can be classified (Macfarlane 84 
2011). Dark pixels are labeled as Plant and light pixels as Sky. Grey pixels are 85 
considered as a mixture of the dark of plants and the light of the sky. The main 86 
conclusion of Macfarlane (2011) was that the method used to classify mixed pixels in 87 
canopy images does not affect the accuracy of GF extraction once homogeneous 88 
regions of sky and canopy have been identified. The problem is that not all grey pixels 89 
are always mixed pixels, even in photographs taken with diffuse light. A given grey pixel 90 
could represent a relatively lighter plant tissue (Leblanc et al. 2005) or a relatively darker 91 
portion of the sky (Lang et al. 2010). The overcast sky is bright near the zenith and dark 92 
near the horizon, and the opposite is true for clear skies with low solar elevation (Lang et 93 
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al. 2010). Another effect that could darken a pure sky pixel is the vignetting effect. This 94 
effect obscures the borders of the images and it depends on the type and design of lens 95 
and the mechanical construction of the lens barrels (Allen and Triantaphillidou 2010). All 96 
global thresholding methods have the same drawback: ignoring the sky brightness 97 
heterogeneity and the vignetting effect (Wagner 2001). 98 
Although global thresholding is the most widely used, there are several alternatives 99 
for obtaining binary images. Automatic thresholding algorithms can be classified as 100 
global, regional, or local. Global algorithms need to find one optimal threshold value 101 
(OTV) and regional algorithms need to find as many OTVs as regions delimited in the 102 
image, which usually are the so-called rings. In contrast, local thresholding algorithms 103 
use a moving window to find an OTV by pixel. Automatic thresholding algorithms use the 104 
content of the image to estimate the OTV. Nevertheless, using the content of the image 105 
is not the only available approach to find an OTV, as Song et al. (2014) showed. These 106 
authors published a method (the exposure-corresponding or EC) that solves the 107 
uncertainty in the determination of the OTV by relating it with the REV to open sky auto-108 
EV (REV2OS). The EC method was calibrated by taking photographs of artificial black 109 
structures, which were developed by the authors. The photographs were taken in 110 
controlled diffuse light conditions using a lens with a long focal length to reduce the 111 
vignetting effect. Using these carefully acquired photographs of artificial structures with a 112 
known GF, Song et al. (2014) adjusted a function to predict OTV with REV2OS. 113 
Nevertheless, the EC method is a global thresholding method and thus it ignores the sky 114 
brightness heterogeneity and the vignetting effect.  115 
Cescatti (2007) developed a method that considers the sky brightness heterogeneity 116 
and the vignetting effect. His method is grounded in physics and electronics instead of 117 
image processing. A drawback of this method is the uncertainty of using a consumer-118 
oriented camera as a piece of radiation measuring equipment because the processes 119 
inside a camera are complex, difficult to model, and protected by trade secrets (Lang et 120 
al. 2010). In addition, this method measures the light and thus the GF is overestimated 121 
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because canopy elements are not optically black (Cescatti 2007). Besides, the use of 122 
regional thresholding to handle sky heterogeneity was proposed but not tested (Leblanc 123 
et al. 2005). On the other hand, Wagner (1998) proposed a method for digitized film 124 
photographs. This method uses the initial value, which is the boundary between the DN 125 
of a pure sky pixel and a mixed pixel and is always higher than the OTV. The importance 126 
of the initial value is that it is linked to the pure sky DN, allowing the use of local or 127 
regional thresholding if the pure sky DN is known for each pixel by any method; however, 128 
the relationship between the initial value and the OTV remains unclear (Wagner 2001).  129 
We saw potential in the combination of the technical approaches of Wagner (1998) 130 
and Song et al. (2014). Empirical models fitted with the data generated with canopy 131 
models, as the one used by Song et al. (2014), could overcome the disadvantage of 132 
using a consumer-oriented camera for precision measurements. On the other hand, a 133 
local thresholding method based on knowing the sky brightness for every pixel of the 134 
image, as Wagner (1998) proposed, could overcome the drawbacks of global 135 
thresholding. 136 
Our goal was to contribute to the development of methods for obtaining accurate 137 
estimations of GF with high angular resolution. Our objective was to develop a model-138 
based local thresholding method to binarize carefully acquired canopy hemispherical 139 
photographs. To this end, we used hemispherical photographs of a deciduous forest and 140 
pictures of the open sky. We compared our method against both standard and state-of-141 
the-art binarization techniques. The comparison was done through error assessment. 142 
We estimated LAI with the binarized images and used reference data obtained from litter 143 
traps for error estimation. 144 
   
Author version of the manuscript published for Canadian Journal of Forest Research on the 
web 30 July 2018. DOI: 10.1139/cjfr-2018-0006. 
http://www.nrcresearchpress.com/toc/cjfr/0/ja 
7  
 
Description of our method 145 
Background 146 
Our method was based on the EC method by Song et al. (2014), which uses 147 
photographs of canopy models with known openness for finding a relationship between 148 
OTV and REV2OS. For canopy model photographs, the OTV is the one that produces a 149 
binary image with openness near the reference openness. The canopy models used by 150 
Song et al. (2014) were made with transparent acrylic plastic sheets partially covered 151 
with an opaque black adhesive vinyl sheet. These authors built two types of canopy 152 
model, grid canopies and lifelike canopies. Only the latter were used for the development 153 
of the EC method. A cylindrical pipe was used to produce back illumination only. The 154 
section of one end of the pipe held the canopy model that was photographed from the 155 
other end. To obtain diffuse light, a sand-scrubbed acrylic plastic board was attached to 156 
the end of the pipe, also helping to secure the canopy model. With this setting, the 157 
authors obtained canopy model photographs that showed a circular image with a black 158 
margin. For a visual reference of the setting, see Figure 1 by Song et al. (2014). As the 159 
authors explained, the circular image filled the area normally occupied by a conventional 160 
circular hemispherical image. To measure the auto-EV needed to get the REV2OS, the 161 
authors used the sand-scrubbed acrylic plastic board without the canopy model.  162 
Algorithms for auto-EV determination use photodiodes to obtain information of the 163 
scene luminance and calculate the EV while considering how the human visual system 164 
responds to different wavelengths (Allen and Triantaphillidou 2010). General information 165 
about auto-EV determination is available, but its details depend on manufacturers and 166 
are trade secrets. Song et al. (2014) applied the EC method to real hemispherical 167 
photographs without selecting any specific channel. For canopy model photographs it is 168 
easy to set an achromatic scene by making the canopy models black and the light 169 
source white, and thus obtaining almost the same information in the three channels. 170 
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Nevertheless, real hemispherical photographs are not achromatic. Therefore, it is not 171 
clear how to process the real hemispherical photographs before applying the OTV that 172 
was found using the EC method. The method we present here avoids this source of 173 
uncertainty. 174 
Gamma correction theory  175 
Digital cameras usually use sRGB as color space, and this standard has been developed 176 
to ensure accurate color and tone management (Allen and Triantaphillidou 2010). In an 177 
imaging device or system, transfer functions describe the input-to-output relationship. 178 
The transfer function of sRGB, known as gamma correction, is very close to a power 179 
function with the exponent 1/2.2; it contributes to optimize file size maintaining the 180 
perceived image quality when color depth is degraded to 24-bit (Allen and 181 
Triantaphillidou 2010). This is why a DN of a born-digital photograph that was encoded in 182 
sRGB has a non-linear relationship with luminance (Cescatti 2007, Allen and 183 
Triantaphillidou 2010). In HP, dark pixels are considered as backlit plants, light pixels as 184 
the sky and grey pixels as the result from the mixture of these two elements. Therefore, 185 
a linear relation between object luminance and DN is desired. Equation 1 transforms the 186 
corrected value to the original value: 187 
 188 
𝐷𝑁𝐺𝐵𝐶 = 255 × (
𝐷𝑁
255
)
2.2
         (1) 189 
 190 
where DN is the digital number of a JPEG file in sRGB and DNGBC is the gamma back-191 
corrected DN. It is worth noting that values were not rounded to the nearest integer. 192 
Development 193 
For developing our method, we obtained canopy model photographs replicating the 194 
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method by Song et al. (2014) (details can be found in Supplementary material S1). We 195 
found the threshold value using the 1-%-optimal-thresholding-range method proposed by 196 
Song et al. (2014) but using the gamma back-corrected DN in the blue channel 197 
(Equation 1) instead of the original photograph, as Song et al. (2014) did. 198 
We found a consistent pattern between openness, threshold value, and the DN of the 199 
classes Background and Object. Figure 1 shows the results for the two most closed 200 
canopy models and the two most open ones. In both cases, the Background DN was 201 
homogeneous. However, in the open canopy model photographs the Object DN had 202 
greater heterogeneity than in the closed ones. The difference in number of mixed pixels 203 
could produce this discrepancy. In the case of our canopy model photographs, the open 204 
ones had a silhouette with more border length than did the closed ones; hence, they had 205 
the greatest number of mixed pixels (Song et al. 2014). Therefore, assuming very low 206 
multiscattering because of the illumination setting, this threshold assigned the majority of 207 
mixed pixels to the Object class. Thus, this threshold behaved as the initial value.  208 
 209 
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 210 
Figure 1. Digital number (DN) extracted from canopy model photographs. Pixels were 211 
classified as Background or Object using the threshold obtained with the 1-%-optimal-212 
thresholding-range method proposed by Song et al. (2014). Error bars are the 213 
interquartile range. Figure provided in color online. 214 
 215 
The relationship between the initial value (IV) and Background DN was 216 
approximately linear until saturation (Figure 1). Therefore, a linear model could be fitted 217 
and used to estimate the IV using the Background DN. In addition, we introduced a 218 
weighting parameter (W) to transform IV in OTV, 219 
 220 
𝑂𝑇𝑉 = 𝑎 + 𝑏 × 𝑊 × 𝐵𝐺 (2) 
 
where a and b are the coefficients of the linear model and BG is the Background DN. 221 
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Weighting parameter range must be between 0 and 1, assuming that an OTV must be 222 
lower than the IV. The goal of W is to assign the darker mixed pixels to Plant and the 223 
lighter to Sky. We assume that this parameter should be 0.5 for ideal scenes with diffuse 224 
light, no multiscattering, and no transmission through leaf tissues. 225 
Our method reduces the problem of thresholding to the one of estimating 226 
Background DN. If this value is known by any method for each pixel, then OTV can be 227 
calculated locally to easily perform a local thresholding. In this paper, a weighting 228 
parameter of 0.5 was used as a general approach, assuming the pure plant pixels have 229 
0 DN. 230 
The basic software needed to use the methods presented in this paper were 231 
programmed in the R package caiman (Díaz 2016). 232 
Materials and methods for error assessment 233 
Study site and sampling units 234 
Study site (Figure 2) was the Huemules Norte Experimental Unit (42°46′S, 71°29′W) of the 235 
National University of Patagonia San Juan Bosco (UNPSJB), located 26 km northwest of 236 
Esquel City, Argentina. It is on the mountain Cordón Rivadavia, 1140 m above sea level 237 
with a southeast aspect. It has small, east-west oriented undulations with slopes not 238 
greater than 26°. These undulations produce zones with north and south aspects at the 239 
microscale. The study site has 40 hectares covered with forest of lenga (Nothofagus 240 
pumilio). 241 
 242 
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 243 
Figure 2. Real color orthomosaic of the study site. An unmanned aerial system was used 244 
to take the photographs. Dots mark the center of the circular plots used as sampling 245 
units, which are identified with a number. The red square maps the position where the 246 
photographs of the open sky were taken. Figure provided in color online. 247 
 248 
At the study site, we selected 10 forest patches (structurally homogeneous regions) 249 
to represent the structural variability of the lenga forest. In each forest patch, we set up 250 
one circular plot of 10 m radius with 3 litter traps and 4 positions for photograph 251 
acquisition (photosite). A photosite was located in the plot center and three in the plot 252 
perimeter at 0°, 120°, and 240° azimuth angle. However, if any photosite was near a 253 
large tree or under low branches, all the photosites were relocated to avoid these error 254 
sources, while maintaining the relative distances between photosites. At each plot, the 3 255 
litter traps were set up using randomly generated azimuth angles and distances from the 256 
center of the plot, limiting the distances to between 1 to 9 m to avoid the plot border and 257 
overlap of litter traps at the center. 258 
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Reference data 259 
The LAI was measured using litter traps, as was described in the literature (Bouriaud et 260 
al. 2003, Pitman 2013). We used litter traps with a mouth diameter of 65 cm and a conic 261 
bag of 70 cm depth. One litter trap from plot 6 was omitted because of damage. To 262 
discard all but the leaves, the fine materials were discarded using a 3 mm mesh and the 263 
coarse materials were discarded by hand. The leaves were dried at 60° C to a constant 264 
weight and weighed on a digital scale (to the nearest 0.1 g). To estimate the specific leaf 265 
area (SLA), we randomly selected a subsample of 30 leaves (before drying) per litter 266 
trap. Leaf area of the subsamples were measured using a desktop scanner (200 dpi). 267 
Next, the subsamples were dried at 60° C to a constant weight and weighed on a digital 268 
scale (to the nearest 0.0001 g). We calculated the SLA per plot as the simple average. 269 
See supplementary material S2 for details. 270 
Hemispherical photograph acquisition 271 
We used the Nikon FC-E9 fisheye converter attached to the Nikon Coolpix 5700 camera. 272 
This equipment allowed us to get circular fisheye photographs with nearly equidistant 273 
projection. See supplementary material S3 for details about the lens projection function. 274 
We acquired hemispherical images of 1490 pixel diameters (180º field of view). We used 275 
the camera setting for Coolpix 5400 recommended by Delta-T: white balance in auto, 276 
metering in matrix, and image adjustment, saturation, image sharpening, and lens in 277 
normal (Delta-T-Devices 2003). All photographs were acquired with ISO-100 and stored 278 
in JPEG format. 279 
Our goal was to have a series of photographs taken using a wide range of EVs for 280 
each photosite. To that end, we took photographs and evaluated them looking at the 281 
preview on the display, starting with the lowest REV that allowed us to interpret some of 282 
the canopy silhouette in the preview and incrementing the REV by approximately one 283 
stop, repeating until the sky in the preview looked clearly saturated. On February 12, 284 
2014 (summer and leaf-on), we acquired 253 photographs between 19:38 and 21:05 285 
   
Author version of the manuscript published for Canadian Journal of Forest Research on the 
web 30 July 2018. DOI: 10.1139/cjfr-2018-0006. 
http://www.nrcresearchpress.com/toc/cjfr/0/ja 
14  
 
hours; sunset was at 20:55 hours. The sky was clear, and the air was calm. Making 286 
variations in the exposure (mainly the shutter speed, but also the aperture), we took 287 
between 3 and 10 photographs per photosite. On May 23, 2014 (fall and leaf-off), we 288 
acquired 136 photographs between 17:25 and 18:22 hours; sunset was at 18:24 hours. 289 
The sky had broken cirrus clouds and a soft wind was blowing. We repeated the 290 
methods used in summer. We took between 3 and 4 photographs per photosite. 291 
To determine the auto-EV for the open sky, we took three photographs in an open 292 
area using the fisheye converter attached to the camera set in auto-exposure mode. 293 
These pictures are available in our project on the Open Science Framework (Díaz 294 
2017b). The open area was of approximately 60 m radius (Figure 2). The photographs 295 
showed the sky free of obstacles between 0° and 70° zenith angle. Below this range, the 296 
photographs showed distant mountains. Two of these photographs were taken during 297 
the work session and one at the end. Taking a photograph before starting the work 298 
session was difficult because of the short time window during dusk and the 299 
inconvenience of the spatial arrangement between the plots and the open area (Figure 300 
2). In the next paragraphs we explain how we obtained the REV2OS.  301 
We calculated the EV using Equation 3 (Allen and Triantaphillidou 2011): 302 
 303 
𝐸𝑉 = 𝑙𝑜𝑔2 (
𝑁2
𝑡
) 
(3) 
 304 
where N is the f-number and t is the shutter speed. In modern cameras, the sensitivity is 305 
expressed as ISO speed. To ensure the meaningfulness of the EV comparisons, the 306 
same ISO speed was always used.  307 
We used the method splinefun from the R package stats (R Core Team 2017) to 308 
perform a natural spline interpolation and obtain a function that used the time and 309 
returned the EV for the open sky (EV4OS), which was only valid for the specific 310 
photography session under analysis (Figure 3). With the obtained function and the Exif 311 
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time (the time when the photograph was taken), we estimated the EV4OS for each 312 
photograph taken under the canopy. In addition, we used Equation 3 and the Exif data to 313 
calculate the EV for each photograph. Finally, we calculated the REV2OS by subtracting 314 
the photograph-EV from the EV4OS. 315 
 316 
 317 
Figure 3. Natural spline interpolation (broken lines) of the exposure value for the open 318 
sky. Dots (t1, t2, and t3) show when photographs of the open sky were taken, “start” and 319 
“end” indicate time window used to take all the photographs (ISO-100). 320 
 321 
 322 
We made classes of REV2OS rounding to the nearest integer. During the leaf-on 323 
condition, we obtained 33 photographs per class for the classes 1 to 4 stops. For the 324 
classes 0, 1, and 2 stops, we had photographs to estimate PAI in all the plots. For the 325 
classes 3, 4, and -1 stops, we had photographs to estimate PAI in 9, 8, and 7 plots, 326 
respectively. During the leaf-off condition, we used high shutter speed to avoid the blur 327 
that small branches produce when they move with the wind; therefore, we obtained a 328 
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REV2OS that was mainly negative as an unintended drawback. As a result, the -1 stop 329 
class was the only one with photographs in all the photosites, and thus we used only the 330 
photographs of this class to calculate WAI. 331 
Zhang et al. (2005) suggest 2 stops of REV2OS as the optimal exposure. Therefore, 332 
the leaf-off photograph has an incorrect exposure according to Zhang et al. (2005) 333 
method. The leaf-on photographs of the 2 stops class and the leaf-off photographs of the 334 
-1 stop class are available in our project on the Open Science Framework (Díaz 2017b). 335 
Estimation of the sky DN as a previous step for our method 336 
Our algorithm for sky DN estimation is iterative. To design it, we envisioned the sky DN 337 
as a smooth surface. A leveled plane was used for the first step, as a global thresholding 338 
approach, a cone shape for the second step, and an irregular smooth surface for the last 339 
step. The second step was based on Lang et al. (2010). These authors manually 340 
extracted the DN from gaps and used it for fitting a model of sky radiance. In contrast, 341 
we automatically extracted the DN from gaps and used it for fitting a generic statistical 342 
model: 343 
 344 
𝑠𝐷𝑁 = 𝑎 + 𝑏 × 𝜃 + 𝑐 × θ2 + 𝑑 × 𝑠𝑖𝑛(𝜑) + 𝑒 × 𝑐𝑜𝑠(𝜑)  (4) 
 345 
where sDN is sky Digital Number; a, b, c, d, and e are coefficients; θ is the zenith angle 346 
and φ is the azimuth angle. 347 
We selected zenith and azimuth angle as predictor variables based on Wagner 348 
(2001), Lang et al. (2010), and Figure 4.  Wagner (2001) proposed modelling sky 349 
brightness without the azimuth angle, but Figure 1 by Lang et al. (2010) and our Figure 4 350 
show some azimuth effect on sky brightness. In some cameras, the vignetting function 351 
can change with the aperture (Wagner 2001, Lang et al. 2010), but it does not change in 352 
our equipment (see supplementary material S4 for details). 353 
 354 
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 355 
Figure 4. Profiles extracted from hemispherical photographs of the open sky taken in 356 
auto-exposure mode. Digital number (DN) extracted from the gamma back-corrected 357 
blue channel. Each profile is a straight line oriented to the cardinal points that starts at 358 
the zenith and touches the horizon. In the fall photographs, the effect of the azimuth on 359 
the relationship between zenith and sky brightness is stronger than in summer 360 
photographs, but this effect was also different for the fall photographs, which could be 361 
explained by cloud movement. Figure provided in color online. 362 
 363 
 364 
 The algorithm we describe in the next paragraphs could be applied to any channel or 365 
synthetic layer, as a brightness layer. We chose to use the blue channel because of its 366 
aforementioned advantages. In addition, we applied a back-gamma correction to this 367 
channel using Equation 1. 368 
Any available automatic global thresholding could be used for the first step, but we 369 
preferred to use our method. To that end, we started by estimating an average value for 370 
sky DN. Figure 4 shows that the region between 30° and 60° zenith angle should be 371 
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good to find an average value of the sky DN. With all the pixels of this region, the 372 
quantile 0.95 was computed. In theory, the maximum should be used because the pure 373 
sky pixels should be the brightest, but we used this quantile to avoid extreme values. 374 
Next, a working binary image was produced with the global threshold estimated using 375 
Equation 2 and W = 0.5. 376 
The second step used the working binary image to extract the sky DN from gaps. 377 
Specifically, the quantile 0.95 was computed with the Sky pixels extracted from 5° 378 
angular resolution segments. Depending on canopy structure and quality of the working 379 
binarized image, some segments had no gap. To fill these voids, data from an 380 
asynchronous picture of the open sky was used. The time difference between the 381 
available pictures of the open sky and the photograph under analysis was calculated and 382 
the picture with less time difference was selected as filling data. Using the portion of the 383 
sky in which both filling and extracted data overlapped, the bias between data sources 384 
was obtained and used to correct the filling data before it was actually used to fill the 385 
voids. Applying a bias to the filling data is a valid approach as Figure 8 from Wagner 386 
(2001) shows. Exposure variation shifts sky profiles up or down with minor changes in 387 
their form. Figure 1 of supplementary material S5 confirms this effect. In summary, this 388 
merged data is the combination of sky DN extracted from gaps with the adjusted DN 389 
from a photograph of the open sky. 390 
Next, Equation 4 was fitted using the merged data. To finalize the second step, the 391 
fitted model was used to estimate the sky DN for each pixel of the photograph and obtain 392 
a refined working binarized image using Equation 2 and W = 0.5. 393 
  The last step started by producing new merged data using the refined working 394 
binarized image and a method only slightly different than the previous one. With the new 395 
merged data, a trend surface was fitted by least-squares using the method surf.ls (np = 396 
6) from the R package spatial (Venables and Ripley 2002). This was the final estimation 397 
of sky DN. This algorithm is part of an open source R script that uses methods from the 398 
R package caiman along with other R features (Díaz 2017a).  399 
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Binarization methods used to compare with our method 400 
We compared our method against both standard and state-of-the-art binarization 401 
techniques. We used the Ridler and Calvard (1978) –isodata– and Nobis and Hunziker 402 
(2005) –nh2005– binarization algorithms; specifically, the Hemisfer 2.2 implementations. 403 
Hemisfer is proprietary software from the Swiss Federal Institute for Forest, Snow and 404 
Landscape Research (WSL). Hemisfer has features for gamma back-correction (GBC) 405 
and for regional thresholding. We tested isodata and nh2005 with and without GBC. The 406 
regional thresholding implemented in Hemisfer is by ring. With this option, a threshold is 407 
automatically calculated for each ring. The number of rings is up to the user. We chose 9 408 
rings of 10° each. All the pixels between 180° field of view (FOV) were used for 409 
automatic thresholding. 410 
The EC method was also tested. Because we used different equipment than Song et 411 
al. (2014), we calibrated the EC method for our equipment. Details on how the canopy 412 
model photographs were taken can be found in Supplementary material S1. All the 413 
calculations needed to calibrate the EC method were programed in the R package 414 
caiman (Díaz 2016), in the methods getReady4ECM, findOTRs, and getECMfun. The 415 
last method is a wrapper for the mle2 method of the R package bbmle (Bolker and R 416 
Development Core Team 2017). This method performs a maximum likelihood estimation. 417 
Binarization of the leaf-off photographs 418 
This paper focused on binarization of leaf-on photographs. Plant area index (PAI) could 419 
be estimated with the binary images of leaf-on photographs. Because LAI from litter 420 
traps was used as reference data, we needed a method to convert PAI to LAI. LAI can 421 
be estimated by subtracting the woody area index (WAI) from PAI. We used the leaf-off 422 
photographs to estimate WAI. Our goal was to acquire the most accurate WAI with the 423 
available set of photographs, which has an incorrect exposure according to the Zhang et 424 
al. (2005) method. Therefore, we could not obtain accurate results with isodata and 425 
nh2005 algorithms. Unfortunately, the EC method, designed to handle a wide range of 426 
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REV2OS, was unreliable for the task (see results section). On the other hand, because 427 
most of the literature focused on leaf-on photographs, we had no objective criterion to 428 
judge the binarization results. Therefore, we used our own criterion to produce the most 429 
accurate results with our methods. 430 
Blue channel histograms of the leaf-off photographs have the peak of the brightest 431 
pixels before 100 DN. We took the range between 0 and 75 DN and applied a linear 432 
histogram stretching, making this range go from 0 to 255 DN. This made all sky pixels, 433 
and probably some mixed pixels, 255 DN. Next, a gamma back-correction was applied 434 
with Equation 1. Assuming that all sky pixels were 255 DN, a global threshold was 435 
calculated using Equation 2 and W = 0.1. We chose a low value of W because our goal 436 
was to classify pure plant pixels. 437 
Estimation of canopy structural variables with HP 438 
Gonsamo et al. (2018) summarized the source, cause, and statistical nature of error 439 
sampling and optical errors with GF data, especially near the zenith and the horizon. To 440 
avoid errors, we masked out the area with a zenith angle greater than 70° and less than 441 
20° (ring mask). Another source of error was sampling objects beyond plot limits 442 
(Gonsamo et al. 2018). Tree crowns beyond plot limits were sampled with the 443 
hemispherical photographs we took at the plot perimeter, but also with the ones taken at 444 
the plot center. This is not a major concern in forests with low spatial heterogeneity; 445 
nevertheless, the natural lenga forests have a gap dynamic that generates high 446 
variability at a microscale because gaps are usually created from the destruction of 1 to 447 
3 neighboring trees (López Bernal et al. 2012). Some of our plots were limited by another 448 
kind of forest structure. Thus, we evaluated the use of image masking to maximize the 449 
correspondence between the canopy area measured with HP and the one measured 450 
with litter traps. We tested the azimuthal image masking (sector-ring mask) as shown in 451 
Figure 5. Masking was done after the binarization. 452 
 453 
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 454 
Figure 5. Image masking used to extract GF. Left, binarized image masked with the 455 
sector-ring mask; center, unmasked photograph; right, binarized image masked with the 456 
ring mask. Zenith angle was restricted between 10° and 70° (left and right). Azimuth was 457 
restricted to a range of 45° pointing toward the plot center (left). Figure provided in color 458 
online. 459 
 460 
 461 
We used Hemisfer 2.2 to estimate the effective leaf area index (Le) and the clumping 462 
index (Ω). Using LAI for validation has the advantage of including Ω, which is sensitive to 463 
error distribution over the hemispherical space (Walter et al. 2003). We calculated LAI by 464 
subtracting the woody area index (WAI) from plant area index (PAI). We averaged it to 465 
obtain the values per plot. Using the reference data, we calculated the error by plot by 466 
subtracting the reference LAI from the estimated LAI. 467 
Hemisfer calculates Ω using only rings with at least two valid segments. A segment 468 
with 0 GF (the so-called null-segment) is not a valid one. For LAI calculation, given a ring 469 
with 0 GF, Hemisfer assigns to it the GF calculated by changing only one of its pixels 470 
from 0 GF to 0.5 GF (Patrick Schleppi, personal communication). The number of 471 
segments with 0 GF is affected by the size of the sampling grid. This size also affects the 472 
value of both Le and Ω (Gonsamo et al. 2010). To explore what would be the proper 473 
angular resolution of the sampling grid for the lenga forest, we tested 2.5°, 5°, and 10°. 474 
For this type of forest, it is not clear what algorithm is the best to estimate Le and Ω; 475 
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therefore, we tested several. To estimate Le, we used algorithms from Miller (1967), 476 
Lang (1987), Norman and Campbell (1989), and Gonsamo et al. (2018), hereafter called 477 
M, L, NC, and GA, respectively. To estimate Ω, we used the Lang and Xiang (1986) and 478 
Chen and Cihlar (1995) algorithms, hereafter called LX and CC, respectively. The 479 
clumping index was used to correct Le and obtain PAI and WAI. Correcting Le produced 480 
PAI or WAI depending on whether leaf-on or leaf-off photographs were used.  481 
Three angular resolutions, 4 algorithms for Le calculation, 2 algorithms for Ω 482 
calculation, 2 masking methods, and several classes of REV produced hundreds of ways 483 
to calculate PAI. As a start, we chose a 5° angular resolution, the ring mask, and the 2 484 
stops class. Then, for each coupled binarization (leaf-on and leaf-off) we calculated the 485 
Root Mean Square Error (RMSE) of 64 combinations of algorithms (8 for leaf-on 486 
photographs and 8 for leaf-off photographs). We chose this statistic because we needed 487 
a synthesis of the bias and random errors. To find the best combination of algorithms 488 
(COA), we counted the number of binarizations per COA that had a RMSE with less than 489 
a 5 % discrepancy with the minimum RMSE. We used the count as a score, so that the 490 
highest score means the best COA. Stage 1 in Figure 6 shows this methodology 491 
schematically. 492 
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 493 
Figure 6. Flow chart of the method used to compare our method against other 494 
binarization techniques. EV, exposure value; EV4OS, EV for the open sky; REV2OS, EV 495 
relative to the open sky auto-EV; nh2005, isodata, and EC are thresholding methods; 496 
LAI, leaf area index; Le, effective LAI; M, L, NC, and GA are algorithm for estimate Le; Ω, 497 
clumping index; LX and CC are algorithms to estimate Ω; PAI, plant area index; WAI, 498 
woody area index, RMSE, root mean square error. Figure provided in color online. 499 
 500 
Performance evaluation for thresholding methods 501 
To determine the best combination of algorithms (COA) to obtain the LAI allowed us to 502 
make a straightforward test to find the REV2OS that produced the most accurate binary 503 
images per binarization method. Stage 2 in Figure 6 shows this methodology 504 
schematically. Knowing the optimal exposure for each binarization method and the best 505 
COA for getting LAI, we selected the best binarization methods to determine whether 506 
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changing the angular resolution of the sampling grid and masking method would affect 507 
LAI estimation performance. Stage 3 in Figure 6 shows this methodology schematically. 508 
Results 509 
Calibrating our method for the Nikon Coolpix 5700 camera 510 
We took canopy model photographs replicating the method by Song et al. (2014) (details 511 
can be found in Supplementary material S1). The REV of the canopy model photographs 512 
varied from approximately -4 to 6 stops. We calibrated our method using the gamma 513 
back-corrected DN in the blue channel (Equation 1). The linear model fit the data well 514 
(Figure 7). The coefficient of the linear model was used with Equation 2 to estimate the 515 
optimal threshold value with our method.  516 
 517 
Figure 7. Calibration of our method for the Nikon Coolpix 5700 camera. The data were 518 
produced with the canopy model photographs and the 1-%-optimal-thresholding-range 519 
method proposed by Song et al. (2014). DN is the digital number, which was gamma 520 
back-corrected with Equation 1. 521 
 522 
Calibrating the EC method for the Nikon Coolpix 5700 523 
camera  524 
We calibrated the EC method using the average of the three channels of the canopy 525 
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hemispherical photographs. The optimal threshold value (OTV) reached a plateau in 2 526 
stops. The range from -4.22 to 1.94 stops was used to estimate the coefficients of the 527 
function of the EC method. This range included 256 photographs. The data showed a 528 
clear tendency and the function of the EC method fit this tendency well (Figure 8). The 529 
result of the calibration process is Equation 5, 530 
 531 
𝑂𝑇𝑉 =
307
1 + 𝑒
−𝑅𝐸𝑉−0.0979
1.36
 
(5) 
 532 
where OTV is the optimal threshold value and REV is the EV relative to the reference 533 
exposure. 534 
 535 
 536 
Figure 8. Function of the ECM method for the Nikon Coolpix 5700. REV is the exposure 537 
value relative to the reference exposure (i.e., auto-EV for the open pipe). OTV is the 538 
threshold value that produced a binary image with error less than 1 % openness. 539 
 540 
Application of the EC method 541 
The application of the EC method on actual hemispherical photographs showed a 542 
systematic error. There was uncertainty about how to process a canopy hemispherical 543 
photograph before applying the OTV obtained with the EC method. We tried each 544 
channel and also calculated the simple average of the three channels and a weighted 545 
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average (0.299R + 0.587G + 0.114B) that is used to convert RGB to YUV color space. 546 
Any binarization passed the visual assessment, as can be seen in Figure 9. 547 
 548 
Figure 9. Example of the error produced by the EC method. The photograph has a 549 
REV2OS of 1 stop. The OTV estimated with the EC method was applied to the three 550 
channels (Red, Green, and Blue) and to two synthetic layers (Simple average and 551 
Weighted average). Figure provided in color online. 552 
 553 
Leaf-off photographs 554 
Figure 10 shows examples of how we binarized the leaf-off photographs. 555 
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 556 
Figure 10. Two examples of binary images used for estimating woody area index. Left, 557 
original blue channel of leaf-off photographs. Right, binary images. 558 
 559 
Comparison of our method against other binarization 560 
techniques 561 
We found 15 good combinations of algorithms (COA) to retrieve LAI with binarized 562 
hemispherical photographs of the lenga forest (Table 1). In these COAs, it was clear that 563 
the best algorithm to estimate clumping index was LX for summer photographs and CC 564 
for fall photographs. Based on this result, we estimated LAI for stage 2 with the M-LX-M-565 
CC COA. The other COAs with the highest score produced similar results (data not 566 
shown). 567 
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 568 
COA Score COA Score COA Score 
M-LX-M-CC 7 L-LX-GA-CC 7 NC-LX-L-CC 2 
M-LX-L-CC 7 M-LX-NC-CC 5 NC-LX-GA-CC 2 
L-LX-NC-CC 7 M-LX-GA-CC 5 L-LX-GA-LX 2 
L-LX-M-CC 7 NC-LX-NC-CC 5 M-LX-M-LX 1 
L-LX-L-CC 7 NC-LX-M-CC 2 M-LX-L-LX 1 
 569 
Table 1. Score per combination of algorithms (COA). The COAs not listed here had a 570 
frequency equal to zero. 571 
 572 
The best binarized image set was produced using the photographs with REV2OS of 573 
2 stops (Figure 11). The performance of both isodata and nh2005 was better at REV2OS 574 
of 2 stops. At this REV2OS, the regional version of these algorithms was very similar to 575 
their respective global version, except for isodata without gamma back-correction (GBC). 576 
For these algorithms, overestimation of LAI was observed after 2 stops and 577 
underestimation before it. Our method was among the ones with the best performance 578 
and appears to be less sensitive to the REV2OS. 579 
Angular resolution and masking type did not affect the estimation of LAI (Figure 12). 580 
We chose 5° angular resolution and the sector-ring mask to assess the relative 581 
performance of our method (Figure 13). For optimal exposure, the estimations of the 582 
three binarization methods were very similar. 583 
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 584 
Figure 11.  Error in the estimation of LAI with hemispherical photographs. Left, global 585 
thresholding algorithms. Right, regional and local thresholding algorithms. R.* means 586 
regional and *.GBC means gamma back-correction. IQR means Interquartile range. The 587 
M-LX-M-CC combination of algorithms was used. Figure provided in color online. 588 
 589 
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 590 
Figure 12. Effect of angular resolution (2.5°, 5°, and 10°), masking type (ring and sector-591 
ring), and binarization technique (our method, isodata, and nh2005) on the accuracy of 592 
LAI estimation. R.* means regional and *.GBC means gamma back-correction. Black 593 
lines are the 1:1 relationship. Two stops of REV2OS and the M-LX-M-CC combination of 594 
algorithms were used. Figure provided in color online. 595 
 596 
Figure 13. Comparison of our method against other binarization techniques. R.* means 597 
regional and *.GBC means gamma back-correction. Black lines are the 1:1 relationship. 598 
Sector-ring making, 5° angular resolution, 2 stops of REV2OS, and the M-LX-M-CC 599 
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combination of algorithms were used. 600 
 601 
Discussion 602 
Our results confirmed that automatic thresholding algorithms, such as isodata and 603 
nh2005, are sensitive to exposure. These algorithms produce an accurate classification 604 
in a very narrow range of exposures. Several methods have been proposed to find the 605 
optimal exposure. Some authors based on final image appearance to developed 606 
methods that did not require above canopy references. For this approach, two major 607 
methods were suggested: (1) use of hardware and software of the camera to evaluate 608 
saturation in-situ (Leblanc et al. 2005, Beckschäfer et al. 2013) and (2) analysis of image 609 
quality in the lab to select the best picture in a series of photographs (Macfarlane 2011). 610 
Leblanc et al. (2005) aimed for some saturation in areas without foliage. Beckschäfer et 611 
al. (2013) aimed for exposure just before saturation. Macfarlane (2011) selected the 612 
least exposed photograph of the series for which the maximum frequency of sky pixels 613 
was greater than 200 DN.  614 
We demonstrated that the threshold is related to the background DN. Thus, the 615 
search for an optimal exposure could be reformulated as a search for an optimal 616 
background DN. Indeed, a variation of the approach of Macfarlane (2011) could be easily 617 
implemented. Users could take a series of photographs and choose the best photograph 618 
using sky DNs as a reference. This is a more objective method than the ones based on 619 
exposure because there are several uncertainties about how the photometers work and 620 
how they are operated. For example, in Figure 7 of Zhang et al. (2005) the reference sky 621 
is approximately 150 DN, which was almost the same DN of our reference sky for the 622 
average of the three channels, but the DN was higher for the blue channel.  623 
Optimal exposure for the real hemispherical photographs binarized with isodata and 624 
nh2005 (Figure 11) is not the same for canopy model photographs (Song et al. 2014). 625 
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Sky heterogeneity could produce this difference. Figure 6 of Zhang et al. (2005) shows a 626 
relationship between mean sky DN in the blue channel and REV2OS that shifts from a 627 
constant to a decreasing positive rate of change at 2 stops of REV2OS. This shift could 628 
be explained by pixel saturation. In a heterogeneous sky, the saturated area starts small 629 
and increases with exposure until all pixels are saturated. Saturation is a source of error 630 
because of the blooming effect (Thimonier et al. 2010). However, saturation decreases 631 
sky heterogeneity. Our Figure 11 shows that automatic thresholding algorithms produce 632 
overestimation of LAI up to the optimal exposure, after which, they produce 633 
underestimation. Sky heterogeneity appears to be the source of errors before optimal 634 
exposure and saturation after optimal exposure. Our method shows results as good as 635 
isodata and nh2005, but in a wider range of exposure (0 to 2 REV2OS). We argue that 636 
this is because sky heterogeneity was considered in the calculations performed by our 637 
method. 638 
Using the EC method, there is not an optimal exposure for canopy model 639 
photographs, and the same accuracy could be obtained with a wide range of exposures. 640 
Nevertheless, what is true for canopy model photographs was untrue for our real 641 
hemispherical photographs. There was uncertainty about how color hemispherical 642 
photographs need to be preprocessed. Nevertheless, Song et al. (2014) successfully 643 
applied the EC method to real hemispherical photographs. The main difference between 644 
their study and ours could be how the reference exposure was measured. Song et al. 645 
(2014) measured the reference exposure with an additional camera equipped with an 18 646 
mm lens (approximately 100° of diagonal field of view) pointing to the zenith. In contrast, 647 
we used the same fisheye converter and camera that we used for the real canopy 648 
photographs. They worked under an overcast sky; therefore, they measured the 649 
exposure for the brightness portion of the sky. In contrast, we measured the exposure for 650 
almost the entire sky. This case is an example of the drawback of using the REV2OS as 651 
a key variable instead of the sky DN. 652 
We hypothesize that the weighting parameter of our method loses importance with 653 
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modern very high-resolution cameras because, in theory, increasing the camera 654 
resolution increases the number of mixed pixels but decreases their percentage. An 655 
advantage of our method is its robustness. The accuracy of the results depends mainly 656 
on the accuracy of the sky DN estimation. The quality of this estimation can be evaluated 657 
with relatively simple methodologies, such as taking samples of pure sky pixels. The 658 
method used in the present research to estimate the sky DN used only three 659 
photographs of the open sky. By contrast, the most accurate estimation could be 660 
produced using photographs simultaneously taken both above and under the canopy 661 
with identical equipment and exposure. This alternative prioritizes accuracy at the cost of 662 
practicality. It resembles the linear ratio method of Cescatti (2007), but it has the 663 
advantage of not using a consumer-oriented camera as a radiometer. Another alternative 664 
could be to use different cameras but cross-calibrate them with an empirical function. 665 
The above canopy camera could be a low-cost model. For example, Bianchi et al. (2017) 666 
tested the use of a fisheye lens and a smartphone camera. Such equipment could be 667 
transported and controlled by a drone. The open hardware project flone (http://flone.cc/) 668 
is an interesting technology that could do this task. Flone is a low-cost quadcopter that 669 
can easily carry a smartphone. 670 
The use of an above canopy camera could be of special importance for users in 671 
lower latitudes, where the twilight is short. These users must work on days of complete 672 
or nearly complete cloud cover, which introduces the problem of accurately represent the 673 
variation in sky DN across a single image and between images. However, further 674 
research is needed to test our method in this working condition. With good above canopy 675 
data, our method can take into account the heterogeneity of the cloudy sky in the 676 
calculation of local threshold values. 677 
Our results show that our method produces binary images as accurate as the best 678 
available automatic thresholding algorithms. One advantage of our method is that it 679 
produces good results regardless of the exposure, as long as it was between 0 and 2 680 
stops over the open sky auto-exposure. Moreover, knowing of the exact relative 681 
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exposure is not required. Nevertheless, its main advantage is that it can take full 682 
advantage of above canopy photographs using a transparent approach. We consider 683 
that our method has the potential of producing an accurate estimation of GF with high 684 
angular resolution and becoming a new benchmark. 685 
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Supplementary material 824 
The present supplementary material is related to the article entitled “Model-based local 825 
thresholding for canopy hemispherical photography,” by Gastón Mauro Díaz and José Daniel 826 
Lencinas. 827 
S1 828 
Taking canopy model photographs 829 
We used the Nikon FC-E9 fisheye converter attached to the Nikon Coolpix 5700 camera. 830 
Figure 1 shows the materials and setup used to take the canopy model photographs. These 831 
photographs were used to calibrate the EC method and to develop our method. Figure 2 832 
from the article by Song et al. (2014) shows that given a set of models with the same 833 
openness, the ones with the gaps of smaller sizes are the most sensitive to an optimal 834 
threshold. This result makes sense because, in this context, small gaps mean a greater 835 
number of mixed pixels, which are harder to classify than pure pixels. We chose to design 836 
canopy models with small squared gaps, aiming to cover the full openness range with 0.1 837 
intervals. Nine canopy models (Table 1) were designed with Adobe Illustrator CC 2017, 838 
using mainly the Blend tool. One design constraint was a minimum wall width of 0.5 mm, 839 
because of the laser cutting machine (SHC9060, Sierra) used to produce the models. The 840 
models were made with 3 mm medium density fiberboard (Figure 1A). The files needed to 841 
replicate this methodology are in our project on Open Science Framework (Díaz 2017). After 842 
the cut, they were darkened with artist´s black oil paint, diluted with turpentine. To avoid 843 
errors because of the thickness of the canopy models, the models were set to vertical with a 844 
plumb-bob and the optical axis of the camera was set to horizontal with a tripod level (Figure 845 
1B, C, D, F, and G). We used the maximum zoom in (70 mm of 35 mm equivalent focal 846 
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length). This zoom minimizes the vignetting effect, as Song et al. (2014) indicate, but also 847 
diminishes perspective distortion and facilitates the comparison between the designed 848 
openness of the canopy models and the one photographed. As a light source, we used a 38 849 
cm sided cubic shaped lightbox with two 30 cm LED-diffuse-light-strips on the top-front of the 850 
box (Foldio 2, Orangemonkie. Figure 1, E). We did not use the sand-scrubbed acrylic plastic 851 
used by Song et al. (2014) because our light source was diffuse. The only illumination 852 
source was the lightbox. We adjusted the distance between the canopy model and the 853 
camera to get a circular image of approximately 1550 pixels in diameter, the distance was 854 
1.3 m (Figure 1, G). 855 
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 856 
Figure 1. Materials used to take the photographs needed to calibrate the EC method and to 857 
develop our method. A) Main components: left, canopy models; right, pieces to support the 858 
pipe made of black cardboard. B, C, and D) How the pipe was supported. E) Setup of the 859 
light source. F) Canopy model mounted on the pipe end. G) Overall view of the setup. 860 
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 861 
Table 1. Characteristics of the 9 grid canopy models. 862 
Squared gap side (mm) Wall width (mm) Openness 
2.5 4.7 0.121 
2.5 2.7 0.231 
2.5 2 0.309 
2.5 1.5 0.391 
2.5 1.1 0.482 
2.5 0.75 0.592 
2.5 0.5 0.694 
5.0 0.625 0.79 
5.0 0.5 0.826 
 863 
We used the camera setting for the Coolpix 5400 recommended by Delta-T: white 864 
balance in auto, metering in matrix and image adjustment, saturation, image sharpening, 865 
and lens in normal (Delta-T-Devices 2003). All photographs were acquired with ISO-100 and 866 
stored in JPEG format. The reference auto-EV (i.e., the auto-EV for the open pipe) was 867 
influenced by the black margin because the matrix mode meters several areas of the frame 868 
to produce the optimal exposure for the whole image. This metering mode is usually the 869 
default and the one used by Song et al. (2014). Because the margin of the real canopy 870 
photograph was more homogeneously black than the margin of the canopy hemispherical 871 
photographs, we adjusted a linear function to correct the auto-EV for the open sky. To that 872 
end, we used the lightbox to take photographs with seven light intensities. The coefficient of 873 
determination (R2) was 0.9997. The equation is f(x) = 0.7970 + 0.9797 x. 874 
Using four different illumination intensities, we took a total of 343 photographs, 875 
approximately 85 photographs per intensity. We started with the highest underexposure that 876 
allowed us to interpret some of the grid silhouettes in the preview on the camera display. 877 
Then, we slowed shutter speed step by step, taking a photograph each time, and repeating 878 
until the preview appeared clearly saturated. A sample of the photographs is available in our 879 
project on Open Science Framework (Díaz 2017). 880 
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S2 891 
Table 1. Reference data. LAI and SLA (cm2/g) per plot, mean and range. 892 
 
 
 
 
 
 
S3 893 
Validation of the lens projection function for the Nikon FC-E9 894 
converter 895 
The Nikon Coolpix 5700 is a camera manufactured in the early 2000´s. The FC-E9 is a 896 
Plot LAI Range (LAI) SLA Range (SLA) 
9 1.94 0.03 134 11.0 
6 2.01 0.63 144 12.2 
10 3.05 0.37 139 13.4 
8 4.29 1.90 156 10.7 
4 4.65 1.31 157 27.2 
5 5.57 0.53 169 11.1 
1 5.88 1.40 157 9.1 
3 5.95 1.59 164 19.6 
2 6.14 0.55 164 8.3 
7 6.92 1.39 175 8.4 
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converter designed to be attached in front of the lens of several cameras of the Coolpix 897 
series, including the 5700. Delta-T manufactured a Self Levelling Mount (SLM5) for the FC-898 
E9 and Coolpix cameras. In the user manual for the SLM5, we found the lens equation 899 
coefficients for the FC-E9 (Delta-T-Devices 2003). The same coefficients are available in 900 
Hemisfer software. For modelling the lens projection, Hemisfer uses the same method as 901 
HemiView, which is the software by Delta-T. These software packages define the relative 902 
radius (R) as the distance to the optical center divided by the radius of the horizon circle. 903 
Delta-T reported 190° FOV for the FC-E9, so the perimeter of the circular image is not the 904 
horizon. Using the published lens function, we obtained R at 95°. We measured 786 pixels 905 
from the optical center to the perimeter of the circular image. This value divided by R at 95° 906 
is the radius in pixels for R equal one, which is 745 pixels. We performed a lens calibration 907 
to validate the published coefficients and the radius in pixels at the horizon. 908 
We set marks on a corner, where the wall meets the ceiling. These marks were set 909 
aligned and at approximately 6 cm from each other. The corner was scanned with a Faro 910 
Focus3D X 130, using maximum quality and resolution. The scanner was located 1 m from 911 
the wall and 1.3 m from the ceiling. This produced a leveled point cloud with accuracy of 912 
approximately 1 mm. We used Faro Scene 6.0 software to process the scan and to extract 913 
the cartesian coordinates of the marks. We took a hemispherical photograph of the corner, 914 
pointing the optical center to the zenith. The front of the lens was in the same position as the 915 
scanner mirror, but at 1 m from the ceiling instead of 1.3 m. This difference was considered 916 
in calculations. The coordinate transformations were conducted with the R Package pracma 917 
(Borchers 2017). The marks were manually located in the photograph using Fiji software 918 
(Schindelin et al. 2012). A total of 32 points were located, 14 corresponding to the ceiling 919 
and 18 to the wall. The maximum zenith angle was 93.9º and the minimum 14.5º. The model 920 
was fitted with the R package stats (R Core Team, 2017). 921 
Equation 1 was fitted using the radius in pixels (residual standard error: 0.91) and 922 
Equation 2 was fitted using the relative radius (residual standard error: 0.0012). The two 923 
models require a zenith angle (θ) in radians.  924 
   
Author version of the manuscript published for Canadian Journal of Forest Research on the 
web 30 July 2018. DOI: 10.1139/cjfr-2018-0006. 
http://www.nrcresearchpress.com/toc/cjfr/0/ja 
46  
 
 925 
𝑅𝑎𝑑𝑖𝑢𝑠 = 488.5 × 𝜃 + 23.5 × 𝜃2 + 21.4 × 𝜃3 (1) 
𝑅 = 0.6581 × 𝜃 + 0.03159 × 𝜃2 − 0.02881 × 𝜃3 (2) 
 926 
Using Equation 2, we estimated a FOV of 193º and 742 pixels radius at the 90º zenith 927 
angle, values very close to the published ones. Therefore, all calculations were completed 928 
with the published values. 929 
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S4 944 
Measuring the vignetting effect in the Nikon FC-E9 converter 945 
attached to the Nikon Coolpix 5700 camera 946 
The vignetting effect could be modeled with a function for each f-number (Wagner 2001) or 947 
with a single function that includes f-number in the input (Lang et al. 2010). In the former 948 
approach, the functions need to explain the variation in the relative brightness with the zenith 949 
angle, which could be different for each aperture. If the same radiance comes from any 950 
direction, the reference brightness is what corresponds to the zenith, assuming a leveled 951 
camera. We found that the main difficulty of measuring the vignetting effect was ensuring 952 
uniform radiance. Lang et al. (2010) used a photometric sphere, which is probably the best 953 
equipment to perform this task, but we did not have access to this equipment. As an 954 
alternative, we followed the method of Wagner (2001). This author set a focal light source 955 
near the focal point of the lens, arranged white paper discs equidistant to the light source, 956 
and placed all the disks facing to the light source. To replicate this method, we used a 957 
squared board of 60 by 60 cm, in which we traced a quarter of a circle. Following the 958 
perimeter of the arc, we placed a white paper strip perpendicular to the board and a candle 959 
in the corner of the board used as the center of the circle. We also tested a conventional 960 
bulb instead of the candle, but the results (not shown here) were of lower quality than using 961 
the candle. In a room with the candle as the only light source, the board was leveled, and the 962 
camera focal point was set below the light source and with the optical axis parallel to the 963 
side of the board. Thus, the optical center did not point to the zenith. For simplicity’s sake, 964 
hereafter, we use the term zenith angle to match that which we used during the operation of 965 
the camera in the forest. 966 
We took one photograph for each aperture using auto-exposure with aperture priority 967 
and ISO-100. A script for extracting the brightness along the zenith angle was developed. 968 
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The brightness was calculated as the average of the tree channel. Next, the brightness layer 969 
was filtered using a 3 by 3 kernel with 1/9 cell value. Finally, all pixels along a line were 970 
extracted. The line started near the optical axis and ended at the border of the image, 971 
passing over the white paper strip. The script is available from the first author upon request. 972 
Figure 1 shows that changing the aperture did not modify the vignetting effect. Similar results 973 
were reported by Lang et al. (2010) for the Nikon FC-E8 converter attached to the Nikon 974 
Coolpix 4500. 975 
 976 
 977 
Figure 1. Measured vignetting for the Nikon FC-E9 converter attached to the Nikon Coolpix 978 
5700 camera. The relative brightness of a target with uniform radiance appears to decrease 979 
when the zenith angle increases. The points were extracted from photographs taken with the 980 
ten different f-numbers that the camera supports. The points form a compact cloud with a 981 
clear tendency, showing that the aperture did not modify the vignetting effect. 982 
 983 
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 993 
Figure 1. Sky profile extracted from a series of photographs taken in summer at 19:45 hours. 994 
The sky was free of obstacles up to approximately 57 degrees. Brightness is the average of 995 
the three channels. 996 
 997 
 998 
